Sex allocation is one of the most productive domains of behavioral ecology and has led to a sophisticated understanding of factors influencing an organism's reproductive decisions. The production of strongly female-biased sex ratios, with low between group variance, is selected for when single mothers produce groups of sibmating progeny. Although the sex of progeny is determined at oviposition (primary sex ratio), the selective value of given sexual compositions is often only apparent when offspring mature and mate (secondary sex ratio). As developmental mortality can alter the sexual composition of given offspring groups, its occurrence can select for mothers to adjust their (primary) sex allocation strategies as insurance against female-only secondary sex ratios. Empirical assessment of primary sex ratios is problematic when male and female eggs are indistinguishable. Here, we apply DNA microsatellite markers to evaluate primary sex ratios in the gregarious parasitoid Goniozus legneri Gordh (Hymenoptera: Bethylidae) and compare these with secondary sex ratios. We find that sexually differential mortality is absent or weak, but mortality acts to increase sex ratio variance and to obscure initially present relationships between sex ratio and group size. In some groups of offspring, there is a tendency for males and females to be laid in spatial separation. Our direct assessments of the sex of eggs avoid widespread problems inherent in utilizing subsets of matured offspring groups with no mortality as representative of overall primary sex ratios but, in this instance, it also confirms interpretations made by studies constrained to employ methods that are strictly incorrect.
Sex allocation is one of the most productive domains of behavioral ecology and has led to a sophisticated understanding of factors influencing an organism's reproductive decisions. The production of strongly female-biased sex ratios, with low between group variance, is selected for when single mothers produce groups of sibmating progeny. Although the sex of progeny is determined at oviposition (primary sex ratio), the selective value of given sexual compositions is often only apparent when offspring mature and mate (secondary sex ratio). As developmental mortality can alter the sexual composition of given offspring groups, its occurrence can select for mothers to adjust their (primary) sex allocation strategies as insurance against female-only secondary sex ratios. Empirical assessment of primary sex ratios is problematic when male and female eggs are indistinguishable. Here, we apply DNA microsatellite markers to evaluate primary sex ratios in the gregarious parasitoid Goniozus legneri Gordh (Hymenoptera: Bethylidae) and compare these with secondary sex ratios. We find that sexually differential mortality is absent or weak, but mortality acts to increase sex ratio variance and to obscure initially present relationships between sex ratio and group size. In some groups of offspring, there is a tendency for males and females to be laid in spatial separation. Our direct assessments of the sex of eggs avoid widespread problems inherent in utilizing subsets of matured offspring groups with no mortality as representative of overall primary sex ratios but, in this instance, it also confirms interpretations made by studies constrained to employ methods that are strictly incorrect. Key words: developmental mortality, egg position, Goniozus legneri, microsatellite markers, parasitoid, primary sex ratio. [Behav Ecol] IntroduCtIon S ex allocation is one of the most productive domains of behavioral ecology and has led to a sophisticated understanding of factors that influence an organism's reproductive decisions (Charnov 1982; Hardy 2002; West 2009 ). There are several major classes of circumstances under which it might be evolutionarily advantageous to control progeny sex ratios. One of these is offspring developing in relatively isolated and ephemeral population subgroups and tending to mate with each other before dispersing as adults: strongly female-biased sex ratios are selected when small numbers of mothers contribute progeny to each group (local mate competition theory [LMC] ; Hamilton 1967; West 2009 ). In the extreme case that each offspring group is produced by a single mother, males develop successfully and have effectively unlimited mating capacity, and all mating occurs prior to dispersal, the optimal sexual composition of groups is 1 male with the remainder of offspring being female: that is, the optimal sex ratio (the proportion of offspring that are male) is the reciprocal of offspring group size (Green et al. 1982; Griffiths and Godfray 1988) . It also follows that the distribution of sex ratios across offspring groups is selected to have low (≈0) variance, termed sex ratio precision (Green et al. 1982; Hardy 1992; Morgan and Cook 1994; Nagelkerke 1996) .
Although precise and strongly female-biased sex ratios may combine to maximize the number of mated daughters dispersing from each group (≈ maternal fitness), maternal decisions are more complicated when sex ratio at offspring maturity and mating (termed "secondary sex ratio" or "brood sex ratio") might not be the same as at sex allocation (the "primary sex ratio" or "clutch sex ratio") due to offspring developmental mortality. Stochastically acting mortality is expected to increase initially precise sex ratio variance during development ) and, as insurance against broods containing no males and thus producing only unmated daughters (with ≈0 fitness), mothers should increase their allocation to sons when male mortality is more common and/ or clutches of eggs are larger (Green et al. 1982; Heimpel 1994; Nagelkerke and Hardy 1994) . For a given mean probability of mortality, the maternal primary sex ratio response should, however, be reduced when the distribution of mortality across offspring groups has higher variance (Nagelkerke and Hardy 1994) .
Empirical assessment of primary sex ratios is often problematic, for example, due to the sexes of immature offspring not being morphologically distinct. This is associated with the general problem that the sex ratio of surviving gender-distinct adults cannot correctly be used to estimate the primary sex ratio; this is because any sexually differential mortality will bias the sample of surviving offspring in favor of the sex with lower mortality (Fiala 1980; Krackow and Neuhäuser 2008) . Separate assessment of male and female developmental mortality is thus challenging yet desirable as, for instance, it is only male mortality that is predicted to influence maternal primary sex ratio optima under extreme LMC (Nagelkerke and Hardy 1994) .
Many of the above considerations apply across a wide range of animal taxa (e.g. West 2009; Keller et al. 2011 ), but one group of organisms that has proved especially useful for sex allocation research is the parasitoid Hymenoptera (Godfray 1994) . This is due, in particular, to variation around a relatively simple core life history (Godfray 1994; Ode and Hunter 2002) and the fact that in these arrhenotokous species, female offspring usually develop from fertilized (diploid) eggs while males develop from unfertilized (haploid) eggs (Flanders 1965; Crozier 1977; Cook 1993b ; see Hardy 2008 and Mateo Leach et al. 2009 for details on some exceptions). Mated females, which store sperm in their spermathecae, can thus have a large degree of behavioral control over the sexes of their progeny at oviposition, via the release or retention of sperm (e.g. Flanders 1965; Suzuki et al. 1984; Godfray 1994; Ode and Rosenheim 1998) . Many parasitoid species have female-biased secondary sex ratios with low variance, as expected under LMC, but offspring developmental mortality is also common, and there is much interspecific variation in the prevalence and distribution of immature mortality (e.g. Nagelkerke and Hardy 1994) . Sexually differential developmental mortality may also be expected due, for instance, to exposure of all deleterious mutations among haploids but not diploids (Smith and Shaw 1980) or to sexually asymmetric resource competition under some parasitoid life histories (e.g. Ode et al. 1996; Ode and Rosenheim 1998; Giron et al. 2007; Kapranas et al. 2011 ), but evaluating the presence and extent of sexually differential mortality requires knowledge of the primary sex ratio which, as for other taxa, is challenging (see above).
Only a few prior studies have been able to provide direct assessment of parasitoid primary sex ratios coupled with comparison to secondary sex ratios (e.g. van Dijken et al. 1993; Ueno and Tanaka 1997; Ode and Rosenheim 1998; Abe et al. 2009 ). Several methods have been developed to assess primary sex ratios directly. In some species, maternal movements during egg laying make it apparent which sex of egg is being laid (Cole 1981; Suzuki et al. 1984; van Dijken and Waage 1987; Strand 1989; Luck et al. 2001) , and hence, primary sex ratios can be assessed visually (Ode and Rosenheim 1998; Yamada and Kawamura 1999) . In other species, male and female eggs are laid in, or migrate after hatching to, different locations within the host (Flanders 1950; Luck et al. 1982; Walter 1983; Espinoza et al. 2009 ). Other methods have a genetic basis; although more general than reliance on life history details of a given species, these are also destructive. It is not possible to assess both the primary and secondary sex ratios of an individual offspring group, rather inferences are made by comparing sets of offspring groups that develop under similar circumstances but have their sex ratios assessed at different stages. Several studies have identified the sexes of laid eggs through counting stained chromosomes within cells in the metaphase of mitotic division (Dijkstra 1986; van Dijken 1991; van Dijken et al. 1993; Ueno and Tanaka 1997) . This method is reliant on the presence of twice as many chromosomes being present in fertilized (diploid) female eggs in comparison to unfertilized (haploid) male eggs and thus cannot distinguish females from the diploid males that are occasionally produced in some species with complementary sex determination (CSD) (Cook 1993b (Cook , 2002 Ode and Hardy 2008) and can also be difficult to apply if the tissue to be sexed has developed somatic polyploidy (Aubert 1959) and when parasitoid eggs have thick chorions (van Dijken 1991) . More recently, DNA genetic markers, such as microsatellites, have been used to identify the sex of eggs in a small number of hymenopteran species (Ratnieks and Keller 1998; Abe et al. 2009 ). Genetic markers have the potential to distinguish between diploid males and females under CSD as males will be homozygous for the sex allele while females are heterozygous. Furthermore, genomic DNA can be extracted from different types and ages of eggs, making genetic markers powerful and accurate tools for evaluating sex ratios in haplodiploid organisms.
Here, we apply microsatellite markers to investigate the primary sex ratio of Goniozus legneri Gordh (Hymenoptera: Bethylidae), a gregarious parasitoid of lepidopteran pests in several new world agro-ecosystems (Legner and SilveiraGuido 1983; Legner and Gordh 1992; Steffan et al. 2001; Zaviezo et al. 2007 ). The behavioral and reproductive biology of G. legneri has been relatively thoroughly explored (e.g. Gordh et al. 1983; Legner and Warkentin 1988; Lee 1992; Hardy et al. , 2000 Goubault et al. 2006; Bentley et al. 2009; Lizé et al. 2012 ). Each host is stung and paralyzed by an adult female, which guards it against utilization by other females (Goubault et al. 2006; Lizé et al. 2012) , and lays eggs externally onto the host approximately 1 day later. Larger clutches of eggs are laid on larger hosts (Gordh et al. 1983; Lee 1992; ) with ca. 72% of eggs on the host's dorsal surface, ca. 26% on the lateral surface, and ca. 2% on the ventral surface (Gordh et al. 1983) . Brood guarding and conspecific infanticide (Bentley et al. 2009 ) lead to groups of offspring developing on the same host being the offspring of a 1 mother (single "foundress" broods; Hamilton 1967 ). Development to adulthood takes approximately 2 weeks, with around 88-93% of eggs surviving to maturity (Gordh et al. 1983; . Mature females within a given brood emerge and disperse over an approximately 5-day period after male emergence; sibling mating is strongly prevalent prior to dispersal, but some degree of outbreeding may occur . Brood sex ratios are female biased (9-19% of adult offspring are male) and have low variance (Gordh et al. 1983; ) qualitatively conforming to expectation under single foundress LMC (Hamilton 1967; Krackow et al. 2002; West 2009) . Mated females are able to produce around 17 broods before becoming sperm depleted (Gordh et al. 1983 ), thereafter producing all-male broods. The genetic mechanism of haplodiploid sex determination is unevaluated but is likely to be similar to that of Goniozus nephantidis, which has been shown not to operate by CSD (which is thought to be ancestral to the Hymenoptera), probably as an evolved response to inbreeding (Cook 1993a; Asplen et al. 2009 ).
The reproductive biology of G. legneri thus conforms closely to the assumptions of several key models of sex ratio evolution under LMC: relatively small clutches produced by single foundresses possessing mechanistic control of sex allocation and a high degree of sibling mating on maturity. Reciprocally, it was consideration of the biology of Goniozus species that led to the original formulation of these general models: LMC theory (Goniozus [Perisierola] emigratus; Hamilton 1967), precise sex ratio theory (G. gordhi; Green et al. 1982) , and theory for sex allocation responses to developmental mortality (G. gordhi and G. nephantidis; Green et al. 1982; Nagelkerke and Hardy 1994) . In this study, we utilize G. legneri, in particular because it is the only Goniozus species for which consistent allopatric differences in genetic markers have been found, and these allow direct assessment of primary sex allocation strategies under LMC.
MaterIalS and MetHodS

Host and parasitoid rearing
Two strains of G. legneri Gordh (Hymenoptera: Bethylidae) were utilized; these exhibit consistent differences in their molecular genetic composition (see below and Khidr et al.
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unpublished data). One strain, which we term "U" had been cultured in our laboratory for at least 7 years, and prior to this, it had been maintained in commercial insectaries in the United States (the original material is believed to have been collected from southern Uruguay in 1978; Gordh et al. 1983; Legner and Silveira-Guido 1983) . The other strain, which we term "C," was brought into our laboratory in 2009, following field collections in Santiago, Chile, where a natural population had previously been reported (Zaviezo et al. 2007) .
Both strains were reared on a facultative host, the rice moth Corcyra cephalonica Stainton (Lepidoptera: Pyralidae), following the method reported in Stokkebo and Hardy (2000) . C. cephalonica was reared on a diet of glycerol, corn meal, wheat bran, and yeast, following Cook (1993a) , but with the addition of honey in equal measure to the glycerol. All cultures and experiments were carried out in a controlled climate room at 27°C with relative humidity maintained by evaporation from a water bath.
For primary and secondary sex ratio evaluation, 8-10 virgin C-strain females were placed in groups with 1-2 U-strain males for 2-3 days to allow mating, and C-strain males were similarly allowed to mate with U-strain females. We obtained 186 cross-mated females (94 C-strain and 92 U-strain), which were then individually provided with a host weighing 30-50 mg then monitored for 1-2 days until eggs were laid on the host's integument. Of these 186 replicates, 55 (31 C-strain and 24 U-strain) were then used for molecular genetic evaluation of the primary sex ratio, and the remaining 131 (63 C-strain and 68 U-strain) were allocated to one of two secondary sex ratio evaluation treatments (see secondary sex ratio).
Primary sex ratio
Egg laying and DNA extraction Once clutches had been laid, we counted the eggs and noted their positions on the hosts. DNA was extracted separately from each egg (N = 639 eggs) using methods described by Abe et al. (2009) : under a dissecting microscope, the contents of each egg were squeezed with the rounded tips of insect pins onto parafilm (Pechiney Plastic Packaging, Chicago, IL) and 2 µL of 10 mg/mL proteinase K (Macherey-Nagel, MN, Germany) was placed onto the egg contents then mixed with 45 µL of buffer (10 mM Tris, 1 mM EDTA, 25 mM NaCl) followed by incubation overnight at 55 °C. The extracted DNA was stored in a −20 °C freezer.
Establishment of a microsatellite marker for egg sexing
Six polymorphic primers for G. legneri had previously been designed and assessed for polymorphism via a Beckmann CEQ 8000 capillary sequencer (Khidr et al. unpublished data). Primer GlSSR7 was selected because of the largest betweenstrain variation in allele size (16 bp) at a given locus, such that alleles could be differentiated on MetaPhor agarose (Bio Whittaker Molecular, Rockland, ME). The primer sequences were GlSSR7F 5′-CGAGGGTATCATTACGCGA-3′ and GlSSR7R 5′-GGCCACTCTCTCGTTACACC-3′, and the original microsatellite repeat sequence had a (GA) 13 repeat motif.
An examination of the alleles sizes present in a large sample (n > 100) of individuals of the U-strain and C-strain revealed that the U-strain carried only the 143-bp allele of GlSSR7, whereas the C-population carried the 159-bp allele of GlSSR7. Thus, by making crosses between the 2 strains, it was possible to determine which eggs were female (heterozygote diploids) and which were male (hemizygotes). Note that although diploid males occur in some Hymenoptera due to CSD mechanisms, these are extremely unlikely to operate in G. legneri (Cook 1993a (Cook ,1993b .
Polymerase chain reaction and gel preparation PCR reactions were carried out in a 20-µL reaction mixture containing forward and reverse primer (2 pmol/µL final), 2 µL (10×) PCR buffer, 0.2 µL dNTP's (each at a 25 mM final concentration), 6 µL genomic DNA (approximately 3 ng/µL), 0.2 Taq DNA polymerase (5 units/µL), and 7.6 µL sterile distilled water.
Samples were amplified in an ABI PCR 9700 Thermocycler (ABI, Carlsbad, CA) with an initial 3 min denaturation at 94 °C, followed by 35 cycles of 1 min at 94 °C (denaturation), 1 min at 60 °C (annealing), and 72 °C for 2 min (extension) with a final extension of 72 °C for 10 min at the end of the program.
The PCR products from the first clutch of eggs were also sized on a Beckmann CEQ 8000 capillary sequencer, using standard techniques. For routine determination of alleles from GlSSR7, PCR products were run on 4% MetaPhor agarose (Bio Whittaker Molecular) prepared in 0.5 × TBE and run for 2 h at 90 V on a Bio-Rad (Hercules, CA) subcell GT gel kit. Bands were visualized under UV light in a Bio-Rad Gel Doc 2000 gel box after adding 2 µL of ethidium bromide stock (10 mg/mL; Promega Corporation, Madison, WI) before the gel was poured.
PCR products visualized on MetaPhor gel electrophoresis
Although the results of the capillary analysis confirmed that females and males can be determined using GlSSR7 if crosses are made between the U-and C-strains, the cost of running capillary analysis on large numbers of offspring were prohibitive. For this reason, we determined conditions for MetaPhor agarose gels, which would allow an unambiguous determination of heterozygotes from hemizygotes, which allowed the presence of hybrids between the strains to be determined (Figure 1 ). On the basis of the ploidy and strong inference on mating system and genetic sex determination (Cook 1993a; Hardy et al. 2000) , eggs were determined to be male or female. In a small number of cases, PCR needed to be repeated before clear results were obtained.
Secondary sex ratio
For the majority of the clutches used for secondary sex ratio evaluation (92/131), the mother was removed and laid eggs were counted after 1-2 days (as with the replicates used for evaluation of the primary sex ratio), and the offspring were allowed to develop to maturity. For the other 39 replicates, the mother was allowed to remain with the host for a further 24 h, then removed, and the number of eggs on the host was recounted: this served as a check that oviposition decisions by mothers were complete at the time that mothers were removed from their clutches during evaluation of primary sex ratios and also in the other secondary sex ratio evaluation treatment. The sexual composition of all 131 broods (secondary sex ratio) was determined after the emergence of adults from their cocoons based on external morphology (males are smaller than females and do not possess stingers).
data analysis
Offspring group composition data were analyzed using generalized linear modeling within the Genstat statistical package (version 12; VSN International, Hemel Hempstead, UK). Log-linear analyses were utilized to explore influences on clutch size and male number (small integer response variables), and logistic analysis was used for factors influencing proportional response variables (proportion developmental mortality = proportion of eggs that failed to become adults, sex ratio = proportion of offspring that were male) (Crawley 1993; Wilson and Hardy 2002) . Logistic generalized linear mixed modeling (Bolker et al. 2008 ) was used to explore sex ratio differences between subgroups of offspring laid onto the same host. In log-linear analysis and analyses of grouped binary data, quasi-Poisson and quasi-binomial distributions of errors, using empirically estimated scale parameters, were adopted, respectively, to take potential overand under-dispersion into account (Crawley 1993; Wilson and Hardy 2002) ; we also note that these statistical models do not return exact probability estimates (Crawley 1993) .
Variances were analyzed using 2 methods; the significance of any deviation from binomiality for sex ratio and mortality data were assessed using the Meelis test statistic, U, the associated variance ratio, R, was used as a quantification of variance: overdispersion is indicated by R > 1 and underdispersion by R < 1 (Krackow et al. 2002) . The differences between the variances of sex ratio data subsets were assessed by nonparametric permutation tests for equality of variances (run using R software, version 2.15.0; The R Foundation for Statistical Computing); these tests estimate the probability of obtaining a larger-than-observed difference between 2 variances due to chance alone.
reSultS
Clutches laid
Larger clutches were laid on larger hosts (F 1,183 = 31.27, P < 0.001), but clutch size was unaffected by whether the mother belonged to the U-strain or the C-strain (F 1,182 = 1.35, P = 0.246). Of the 39 mothers left with hosts after oviposition was apparently complete, one subsequently added eggs to the clutch: 5 eggs were added to an initial clutch of 6. As this suggests that only ≈1% (5/477) eggs would have been omitted from our remaining primary and secondary sex ratio evaluations; we conclude that data on the sexual composition when mothers were removed after 1-2 days are a very close match to underlying maternal decisions, and we do not consider the distinction between the 2 secondary sex ratio evaluation treatments further.
Primary sex ratio
Gel analysis indicated that 6 of the 55 clutches evaluated contained males only: as this indicates that the mother probably had not mated, these clutches were excluded from further sex ratio analysis (following Hardy and Cook 1995) . In 2 mixed-sex clutches, DNA extraction for egg sexing was not completely successful, so these data were also excluded from analysis. Consequently, data from 47 clutches were used in the analysis of primary sex ratio.
The mean sex ratio (proportion of offspring that were male) of the 47 clutches was 0.118 (standard error [+SE] = 0.012, −SE = 0.011). Overall distribution of sex ratio across clutches was significantly underdispersed (R = 0.439, Table 1 ). Overall, primary sex ratios were significantly greater in larger clutches (F 1,45 = 9.71, P = 0.003, Figure 2A ), but sex ratio was unaffected by the strain of the mother (F 1,44 = 0.06, P = 0.807) or by an interaction between strain and clutch size (F 1,43 = 0.08, P = 0.781). The mean number of males per clutch was 1.362 (+SE = 0.181, −SE = 0.160) and increased significantly with clutch size (F 1,45 = 24.80, P < 0.001, Figure 2B ) but was not influenced by strain (strain: F 1,44 = 0.03, P = 0.862; strain × clutch size interaction: F 1,43 = 0.05, P = 0.826).
In 21 clutches, the mother laid eggs in spatially separate batches on the host. In the majority of these cases, most eggs (8-15) were on the dorsal and lateral surfaces of the host larvae with a much smaller number (1-3) laid on the ventral surface: we term these "major subclutches" and "minor subclutches," respectively. Sex ratios within minor subclutches were significantly higher than among major subclutches (logistic GLMM with host identity fitted as a random effect: F 1,38 = 15.53, P < 0.001, Figure 3 ). Sex ratios of major subclutches increased significantly with increase in the size of the subclutch, whereas those of minor subclutches decreased (clutch type × subclutch size interaction: F 1,38 = 8.61, P < 0.006): eggs in the smallest minor subclutches were usually male.
Secondary sex ratio
Among the 131 broods allocated to evaluate secondary sex ratio, the mean proportion of eggs that developed to adulthood was 0.924 (+SE = 0.009, −SE = 0.011). Developmental mortality was uninfluenced by clutch size (F 1,129 = 0.12, P = 0.73), but there was a weak tendency for the offspring of C-strain females to survive better when developing on larger hosts, whereas survivorship in U-strain broods decreased slightly (host size × strain interaction: F 1,127 = 7.52, P < 0.007, deviance explained = 0.05%). Developmental mortality was highly overdispersed across broods (R = 8.677, U = 39.2, P < 0.001), but all members failed to mature in just one of these broods.
In 17 of 130 replicates with surviving offspring, all eclosed adults were male, indicating maternal virginity and these were excluded from further sex ratio analysis. A significantly higher proportion of eggs survived to adulthood among these all-male broods than among the broods containing mainly females (respective means: 0.971, +SE = 0.012, −SE = 0.020; 0.923, +SE = 0.009, −SE = 0.011; F 1,128 = 4.67, P = 0.033); although suggestive of sexually differential mortality, it should be noted that this distinction accounted for only 3.5% of the deviance, and the P value, estimated from logistic analysis, is both inexact and close to the conventional significance/nonsignificance threshold.
The mean sex ratio of the remaining 113 broods (containing at least 1 female at adult eclosion) was 0.133 (SE ±0.008), and the overall distribution of brood sex ratios was significantly underdispersed (R = 0.572, Table 2 ). Secondary sex ratio was not significantly affected by brood size (F 1,111 = 1.01, P = 0.318, Figure 2C ), strain (F 1,110 = 0.01, P = 0.936), or by an interaction between strain and brood size (F 1,109 = 0.07, P = 0.795).
To explore relationships between developmental mortality and brood sexual composition, we classified the 113 broods according to whether or not all eggs survived to adulthood. We note that sex ratio comparisons between subsets of data with and without mortality must be made with caution but can generate useful insights (Fiala 1980; Krackow and Neuhäuser 2008) . The mortality distribution among these broods was overdispersed (R = 2.684, U = 13.9, P < 0.001), further suggesting a categorical distinction might be informative. There was no significant sex ratio difference between broods with some mortality (n = 53) and broods in which all eggs survived to adulthood (n = 60; F 1,111 = 0.02, P = 0.897) nor was there a significant interaction between mortality occurrence and brood size (F 1,110 = 2.13, P = 0.147), but we illustrate the observed trends in these subsets of data on Figure 2C to aid the comparison of primary and secondary sex ratio patterns (see primary and secondary sex ratios compared). The same conclusions were reached when
Figure 2
Relationships between sexual composition and offspring group size at oviposition (A and B) and at adult eclosion (C and D). Fitted solid lines show the minimal adequate models from logistic (A and C) or log-linear (B and D) regressions. In panel C, the dotted line shows the best fit regression line for broods in which there was some developmental mortality and the dashed line is for broods without mortality, although these illustrated trends are not significantly different from each other or from a slope of 0 (see main text). Overlapping data points are slightly vertically displaced to illustrate sample sizes.
Figure 3
Sex ratios within major and minor subclutches (±SE). The dashed line shows the mean sex ratio across the 21 clutches analyzed.
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exploring mortality in terms of the number of eggs that died in each clutch rather than whether or not it occurred (sex ratio was not affected by the number of eggs dying, F 1,111 = 0.36, P = 0.55, or its interaction with brood size, F 1,110 = 2.58. P = 0.111). These results collectively imply that G. legneri developmental mortality is not dependent on the primary sex ratio (Krackow and Neuhäuser 2008) . The sex ratio variance of the subset of broods in which some mortality occurred was, however, greater than in the subset without mortality: the variance among broods without mortality was significantly different from binomial (R = 0.678, U = 1.26, P > 0.05); whereas among broods with mortality, there was no significant difference (R = 0.467, U = 2.5, P < 0.05), and these variances also differed significantly from each other (permutation test, P = 0.0399).
In terms of number of males among the 113 broods containing at least 1 female at adult eclosion, there was a significant increase with brood size (F 1,111 = 24.60, P < 0.001, Figure 2D ) with no influence of strain (F 1,110 = 0.00, P = 0.952) or strain × brood size interaction (F 1,109 = 0.00, P = 0.963). The mean number of males per brood was 1.513 (+SE = 0.111, −SE = 0.103).
Primary and secondary sex ratios compared
Broods in which no mortality occurred have identical primary and secondary sexual compositions (and brood size = clutch size): with the caveat that these broods are a self-selected subset of secondary sex ratio data, we compared the sex ratios of the 60 broods with no mortality to those of the 47 clutches used for primary sex ratio evaluation. The significant increase in sex ratio with clutch size (F 1,105 = 12.27, P < 0.001, as expected from Figure 2A and 2D) did not differ between these data sets (F 1,104 = 0.41, P = 0.522) nor was there a significant interaction between data origin and clutch size (F 1,103 = 1.52, P = 0.210) and the sex ratio variances of these sets of data were also not significantly different (permutation test, P = 0.380). In this instance, primary sex ratios appear to be closely represented by the self-selected subset of broods without mortality, suggesting the absence of sexually differential mortality.
Heuristically combining all 113 broods used for secondary sex ratio analysis with the 47 primary sex ratio replicates indicated that sex ratio increases with offspring group size among broods with no mortality and among primary clutches, but it appeared to decline weakly among broods with some mortality (brood size × data subset interaction: F 2,154 = 3.24, P = 0.042). As above, there was no significant distinction between broods with no mortality and primary replicates (aggregation of factor levels: F 1,156 = 0.89, P = 0.414), but sex ratios of these were significantly different from those of broods with some mortality (F 1,157 = 5.39, P = 0.022). Although this analysis suggests that the nonsignificant distinction illustrated in Figure 2C may be biologically present, the interpretation relies on the inclusion of an outlying brood of 1 male and 1 female adult offspring (upper left-hand corner of Figure 2C ) that survived from an initial clutch of 10 eggs: repeating the analysis without this brood suggested no significant distinction between the sex ratios of the 3 subsets of data (F 2,155 = 0.40, P = 0.668) and an overall increase in sex ratio with offspring group size (F 1,157 = 6.77, P = 0.01). In terms of sex ratio variance, there was no significant difference between primary and secondary sex ratio data (permutation test, P = 0.1062), but when the data were grouped according to whether or not developmental mortality occurred, there was significantly greater variance among broods with mortality than among broods with no mortality combined with primary replicates (permutation test, P = 0.0191). Mortality thus acts to increase sex ratio variance, but it has no convincing effect on mean sex ratio (in these analyses or in those above), and we conclude that sexually differential mortality is absent or weak.
dISCuSSIon
Using a genetic marker method has allowed us to evaluate primary sex ratio patterns while avoiding the problems inherent in using a subset of offspring groups in which all offspring have survived (Fiala 1980; Krackow and Neuhäuser 2008) . Our primary sex ratio data show that sex ratios have significantly lower than binomial variance across offspring groups (R = 0.439) and are female biased overall, but less female biased in larger groups of offspring (because the number of male eggs per clutch increases rapidly with increase in clutch size, Figure 2B ). Using equations provided by Heimpel (1994) for optimal sex allocation under single foundress strict LMC, we calculate that, with the observed mean developmental mortality of 7.6%, the optimal number of males per clutch will not exceed 1 until clutch sizes exceed 18 eggs. In fact, under the assumptions of these calculations, male mortality would have to exceed 50% before ≥4 males should optimally be laid in clutches of 18 eggs (the fitted regression on Figure 2B predicts ca. 4.5 males per 18 egg clutch). The observed increase in the number of males is thus unlikely to be due to insurance against male mortality (Green et al. 1982; Heimpel 1994; Nagelkerke and Hardy 1994) . Prior studies have shown that the observed larger numbers of males in larger broods are also unlikely to be due to insufficient maternal control of sex allocation, multiple foundress broods, or limits on a male's capacity to inseminate females maturing in the brood, all of which had been candidate explanations . The increase could potentially be due to a combination of these influences and also to the occurrence of nonlocal mating in G. legneri populations , especially if local mating were less prevalent among larger broods. Nonlocal may be most likely via dispersed males immigrating into nonsibling broods Overall: R = 0.572, U = 2.87, P < 0.01
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containing only female offspring: such aspects of parasitoid mating structure are usually not straightforward to evaluate via behavioral studies (reviewed in Hardy 1994), but future investigations could be facilitated by exploitation of the microsatellite markers we have identified (e.g. Burton-Chellew et al. 2008; Grillenberger et al. 2008; Keller et al. 2011) .
Primary sex ratio analysis also shows, for the first time, that when G. legneri mothers lay offspring in spatially discrete subclutches, the sex ratios of major subclutches are female biased, whereas those of minor subclutches are male biased. Although the sequence of sex allocation during oviposition of a clutch is unknown for G. legneri, in several other gregarious species of bethylids, male eggs tend to be laid last (reviewed in Hardy 1992) . Such comparative evidence suggests that minor subclutches are laid after major subclutches in G. legneri. This would also accord with Lee's (1992) observation that female G. legneri females sometimes add extra eggs to a clutch (in Lee's study, this occurred when some eggs had been removed). Future studies could utilize the microsatellite markers we have developed combined with observations of egg laying behavior to test this sex allocation sequence expectation. Further, the ventral surface of the host is reported to be the least frequent location for G. legneri egg deposition (Gordh et al. 1983) potentially implying that males tend to be laid in "inferior" locations. As developing bethylids do not usually engage in aggressive interlarval competition , which could be reduced by physical separation and result in the less strongly competitive sex developing in an inferior location (e.g. Espinoza et al. 2009 ), we currently have no clear adaptive explanation for the tendency toward spatial separation between male and female offspring on some hosts. We do, however, note that as our data are weakly suggestive of lower mortality among males when developing on separate hosts from females, the possibility that males in mixed-sex G. legneri broods are laid spatially separately to reduce intersexual competition deserves future attention. We consider it unlikely that small spatial and temporal differences in the oviposition of 2 sub-broods would have any residual effects on patterns of adult eclosion, mating, and dispersal, as these events occur around 2 weeks after oviposition, with females dispersing over a period of around 5 days subsequent to the emergence of males , but this may warrant further investigation.
Our data on secondary sex ratios also show that sex ratios are female biased overall but, in contrast to data on primary sex ratios, sex ratio is unrelated to offspring group size (because the number of male eggs per broods increases insufficiently rapidly with increase in brood size; compare panels B and D of Figure 2) ; similar results have been found in previous studies on G. legneri (Gordh et al. 1983; . We further found that sex ratio variance is precise, with a variance estimate (R = 0.572) almost identical to that obtained by previous evaluation based on more than 3 times as many broods (R = 0.56; ).
Comparing our results for primary and secondary sex ratios indicates that developmental mortality, with a mean of 7.7% (as estimated from mixed-sex broods), obscures initially present relationships between sex ratio and offspring group size. Mortality also increased sex ratio variance (from R = 0.439 at oviposition to R = 0.572 at eclosion) but not so much that initially precise sex ratios would be classified as binomial on offspring maturity. Note, however, that when secondary sex ratio data were separated according to whether or not any members of the brood died during development, sex ratio variances were significantly lower than binomial with no mortality and not significantly different from binomial when mortality occurred, and also significantly different from each other. Higher levels of mortality (ca. 57%) also obscure initially precise sex ratios in the gregarious parasitoid Colpoclypeus florus , in which primary sex ratios have been evaluated by cytology (Dijkstra 1986 ). In accord with both of these results, further within-species and cross-species evidence shows that sex ratio variance is correlated with the frequency of parasitoid developmental mortality Kapranas et al. 2011) . Such empirical observations do not contradict Fiala's (1980) and Krackow and Neuhäuser's (2008) predictions that sex ratio variance will be unaffected by developmental mortality, as these authors assume that primary sex ratios are binomially distributed. In contrast, it is intuitively to be expected ) that initially precise sex ratios in G. legneri, C. florus, and other parasitoid species will be assessed as less precise after the stochastic action of mortality.
One reason for estimating primary sex ratios directly is to evaluate potential sexually differential mortality while avoiding methodological bias (e.g. Ueno and Tanaka 1997; Abe et al. 2009 ). Mortality itself is often straightforward to assess in ectoparasitoids, but separating this into male and female components usually is not. Our comparison of independently estimated primary and secondary sex ratios indicated little or no difference between male and female developmental mortality. Our additional comparison of mortality of all-male broods produced by virgin mothers and female-biased broods produced by mated mothers (which approximates a test for sexually differential mortality; Hardy and Cook 1995; Ueno and Tanaka 1997) suggested that males survive better than females, but the distinction was very weak. We conclude, overall, that sexually differential mortality is effectively absent; previous estimates for G. legneri and other species of bethylids have drawn similar conclusions (Legner and Warkentin 1988; , as have other studies that provide direct comparison of primary and secondary sex ratios in further parasitoid taxa (e.g. Ueno and Tanaka 1997; Abe et al. 2009 ), although there is less direct evidence for sexually differential mortality in some parasitoid species (reviewed in Nagelkerke and Hardy 1994) .
Finally, we return to the general problem that the sex ratio of surviving offspring cannot correctly be used to estimate the primary sex ratio because any sexually differential mortality will bias the sample of surviving offspring in favor of the sex with lower mortality (Fiala 1980) ; this has proved worrisome in the literature on sex ratios across a diversity of taxa either because authors are unaware of the problem (reviewed by Krackow and Neuhäuser 2008) or because they are aware but do not possess a fully valid method to assess primary sex ratios. Authors in the latter category have compared sex ratios of broods with no mortality with those of broods in which some developmental mortality occurred, along with the stated caveat that their conclusions may not strictly be valid (e.g. Morgan and Cook 1994; Kapranas et al. 2011) . Our data allowed us to evaluate sex ratio patterns both correctly (using a direct estimate of primary sex ratio) and, strictly, incorrectly (using subsets of secondary sex ratio data with and without mortality). Secondary sex ratios from broods with no mortality were similar to primary sex ratios in terms of the relationship between sex ratio and clutch size and sex ratio variance, and comparisons between subsets of secondary sex ratio data with and without mortality lead to similar conclusions to comparisons between primary and secondary sex ratios. We make no claim that the concerns raised, correctly, by Fiala (1980) and Krackow and Neuhäuser (2008) are unimportant, rather we note that direct assessment of G. legneri primary sex ratios has not lead us to conclusions that differ greatly from those tentatively obtained using strictly incorrect methods ); this situation would, however, likely be different if mortality in G. legneri were strongly differential between the sexes.
ConCluSIonS
Independent assessment of primary and secondary sex ratios in G. legneri, a species closely matched to the assumptions of core models predicting optimal sex allocation under LMC, indicates that developmental mortality does not differ between the sexes. Mortality does, however, increase sex ratio variance across offspring groups between oviposition and maturity and can obscure initially present relationships between sex ratio and offspring group size. Direct assessments of primary sex ratios are informative as these are methodologically more correct than indirect methods of assessing patterns in, and the impact of, developmental mortality; they can reveal new facets of sex ratio biology and may also, as in this study, serve to confirm tentative conclusions drawn from indirect analyses.
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